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SUMMARY 

The objective of this research was to investigate the utility of the 

Calspan self-correcting wind tunnel for minimizing or eliminating wall inter- 

ference effects in two-dimensional transonic flows when shock waves from the 

test model extend to the tunnel walls. An adaptive wall wind tunnel can 

eliminate wall interference effects on a test model by the use of redundant 

measurements of flow field quantities in the test section and by active con- 

trol of the flow in the vicinity of the wind tunnel walls to insure that the 

measured quantities satisfy functional relationships for unconfined flow. 

There are a number of methods available for exerting control of the flow at 

the tunnel walls. The Calspan embodiment is a perforated wall test section 

with a segmented plenum, and control is achieved by adjusting the local flow 

through the porous walls. Experiments at low transonic ~ch numbers wherein 

the walls are subcritical have demonstrated the validity of the basic concept. 

The specific objective of this research program was to extend the range of the 

Calspan tunnel to minimize or eliminate wall interference effects on a two- 

dimensional lifting airfoil when the walls are supercritical. 

This report su~mlarizes the experimental research performed with two- 

dimensional airfoils in the Calspan self-correcting wind tunnel and the the- 

oretical research accomplished in support of the experiments. The experiments 

were performed with airfoil models having 4% and 6% solid blockage. The initial 

experiments with the 6%-blockage model were devoted to determining a practical 

mode of operation when shock waves from the model extend to the walls. The 

previously established operational model produced choked flow at and do~nstream 

of the model. The most practical mode of operation which resulted is to use 

wall control to obtain the desired distributions of longitud~nal velocity com- 

ponents for subcritical walls. The Mach number is then increased and the wall 

control is readjusted, suquentially, until the desired test condition is 

achieved. At the high ~ch number of interest, however, the available wall 

control was limited locally, and the wind tunnel system changes were required. 
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A method is reported for analyzing and designing self-correcting 

wind tunnels with porous walls. The analysis treats the auxiliary compressor 

circuit for wall control, and it provides an approximate method for examining 

the trade-offs between the compression ratio of the auxiliary compressor, 

wall porosity, and model size. For the purposes of this research, the most 

expeditious alternative for extending the operating range was to build and 

test a 4%-blockage model. 

The results of iteration experiments with the 4%-blockage model at 

M ffi 0.85, ~ = I @ are described They are inconclusive because of 

flow field fluctuations. Wall control was used to obtain a first approxima- 

tion to the unconfined flow field, but the shock wave on the lower surface 

fluctuated over about 15% of the chord. Subsequent attempts to iterate at 

this test condition did not lead to a steady flow field, and it is concluded 

that this test condition is not suitable for iteration at this stage of the 

development. 
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Achievement of interference-free wind tunnel data at transonic speeds 

is a problem oflong standing. Current practice generally is to test models 

which are small enough with respect to the tunnel so that wall interference 

e f f e c t s  a re  minimized. Often the  i n t e r f e r e n c e  can be n e g l e c t e d  comple te ly .  

However, r e c e n t  expe r i ence  with the e x t r a p o l a t i o n  o f  tunnel  da ta  to  f u l l - s c a l e  

f l i g h t  c ond i t i ons  o f  l a rge  a i r c r a f t  has demonstra ted the  importance o f  t e s t i n g  

l a r g e r  models to  ach ieve  h igher  Reynolds numbers. Moreover, the  high l i f t  

r equ i rements  o f  contemporary combat a i r c r a f t  lead to  l a rge  flow d e f l e c t i o n s  

wi th in  the  tunne l .  The n e c e s s i t y  f o r  t e ~ t i n g  l a r g e r  models with g r e a t e r  flow 

d e f l e c t i o n s  than are  the c u r r e n t  p r a c t i c e  can lead to  t e s t i n g  beyond the  

o p e r a t i o n a l  bounds fo r  which wall  c o r r e c t i o n s  may be ignored .  

The question of estimating wall interference corrections for models 

tested in a transonic tunnel has remained open over the years. The basic idea 

of interference corrections is deceptive, even in the case of solid wall or 

open jet wind tunnels, because the interference effects are not distributed 

uniformly over the test model. The difficulties are compounded in the case 

of transonic wind tunnels with ventilated test sections because the flow 

processes at the ventilated walls are complex and cannot be modeled in the 

simple manner that is desirable for theoretical corrections. The recognition 

of these deficiencies has led to the general concept of an adaptive-wall or 

self-correcting wind tunnel. 

The basic concept of the self-correcting wind tunnel is documented in 

the literature. I'2 Briefly, it is based on the premise that unconfined flow 

conditions in the working section can be determined by measurements with 

sensors located in the airstream. The presence of the model produces distur- 

bances in the velocity components, pressure, density, etc., of the uniform 

stream. In unconfined flow, the values of these disturbance quantities at 

some control surface locations bear certain functional relationships to one 

1. Sears, W.R. "Self-Correcting Wind Tunnels" (The Sixteenth Lanchester 
Memorial Lecture) The Aeronautical Journal, Vol. 78, No. 7581759, 
February/March 1974, pp. 80-89. 

2. Ferri, A. and Baronti, P. "A Method for Transonic Wind Tunnel Corrections" 
AIAA Journal, Vol. 11, No. I, January 1975, pp. 65-66. 

9 
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ano the r ,  which are due to  the na ture  o f  the  f l u i d  stream and the very  s t rong 

cond i t ion  t h a t  i t  i s  unconfined a t  i n f i n i t y .  I f  one o£ these  q u a n t i t i e s  i s  

known a l l  along the  con t ro l  su r f ace s ,  i t  d e f i ne s  the flow ex te rna l  to  the 

su r faces  so t h a t  a l l  the o ther  q u a n t i t i e s  can be found. Therefore ,  unconfined 

flow in the  working s ec t i on  of  the  tunnel  i s  determined by the  model conf igura -  

t i o n  t o g e t h e r  with the  cond i t i on  t h a t  the  unconfined flow func t i ona l  r e l a t i o n -  

ships are s a t i s f i e d  a t  the  con t ro l  su r f aces .  These r e l a t i o n s h i p s  c o n s t i t u t e  

the  s ta tement  t h a t  the flow i s  unconf ined,  so f a r  as the flow about the  model 

i s  concerned. 

In a wind-tunnel  experiment ,  in  gene ra l ,  q u a n t i t i e s  measured a t  the  

con t ro l  su r faces  would dev ia t e  from these  func t i ona l  r e l a t i o n s h i p s  because the  

f l u i d  i s  not  unconf ined,  and such d e v i a t i o n  i s  a measure of  the depar ture  

from unconfined flow conditions. If the flow field in the vicinity of the 

t e s t  s ec t i on  wal ls  can be ad jus t ed  a t  w i l l ,  ~owever, i t  can be ad jus t ed  u n t i l  

the  ex i s t ence  o f  unconf ined,  f r e e - f l i g h t  cond i t ions  wi th in  the  tunne l  i s  s i g -  

na led  by the  f a c t  t h a t  the  proper  f u n c t i o n a l , r e l a t i o n s h i p s  e x i s t  among the  

q u a n t i t i e s  measured a t  the  con t ro l  s u r f a c e s .  The s e l f - c o r r e c t i n g  wind t u n n e l ,  

t hen ,  combines both exper imental  and t h e o r e t i c a l  techniques  in such a way t h a t  

each i s  used to  i t s  bes t  advantage fo r  s imula t ing  f r e e - f l i g h t  cond i t ions  about 

a model in a wind tunne l .  

A research  program has been in progress  a t  the  Calspan Corporat ion 

s ince  November 1971 to  demonstra te ,  both t h e o r e t i c a l l y  and expe r imen ta l ly ,  

t h a t  the  s e l f - c o r r e c t i n g  concept can be implemented in two-dimensions.  I ' 5 - 5  

Sponsored by ONR and AFOSR under Contract  No. N00014-72-C-0102, wi th  supple-  
mental support  by NASA/Langley Research Center;  and by ONR and AFOSR under 
Contract  No. N00014-77-C-0052. 

3. Erickson,  J .C.  j J r . ,  and Nenni, J .P .  "A Numerical Demonstration o f  the  
Establ ishment  o f  Unconfined-Flow Condi t ions  in a S e l f - C o r r e c t i n g  Wind 
Tunner '  Calspan Report No. RK-S070-A-1, November 1973. 

4. Vidal ,  R . J . ,  C a t l i n ,  P.A. and Chudyk, D.W. "Two-Dimensional Subsonic Experi-  
ments with an NACA 0012 A i r f o i l "  Calspan Report No. RK-S070-A-3, December 1973. 

5. Vidal ,  R . J . ,  Erickson,  J . C . ,  J r . ,  and C a t l i n ,  P.A. "Experiments With a Se l f -  
Correc t ing  Wind Tunnel" AGARD CP No. 174 on Wind Tunnel Design and Tes t ing  
Techniques,  October 1975. 

5. Sears ,  W.R., Vidal ,  R . J . ,  Erickson,  J . C . ,  J r . ,  and R i t t e r ,  A. " I n t e r -  
f e rence-Free  Wind-Tunnel Flows by Adaptive-Wall Technology" Journa l  o f  
A i r c r a f t ,  Vol. 14, No. 11, November 1977, pp. 1042-1050. 

10 
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That work has been summarized recently in References 5 and 6. Theoretically, 

functional relationships for unconfined flow have been established both for 

subcritical and for supercritical flows at the control surfaces. Computer 

programs for these relationships have been checked out, and their accuracy 

has been verified by theoretical examples. In addition, both low-speed flows 

and transonic flows about an airfoil in a self-correcting wind tunnel test 

have been simulated numerically to test a proposed iteration technique. This 

technique converged successfully, and similar tests at subsonic speeds showed 

that the expected sensor accuracies were consistent with the desired degree 

o£ unconfined flow. 

Experimentally, a two-dimensional airfoil model with an NACA 0012 sec- 

tion and a 6-inch chord was fabricated and tested in the Calspan Eight-Foot 

Transonic Wind Tunnel to establish the airfoil characteristics in unconfined 

flow. Sensor evaluation experiments in the Calspan One-Foot Transonic Wind 

Tunnel have also been carried out and the self-correcting test section for 

the One-Foot Tunnel has been designed, fabricated, installed in the wind 

tunnel circuit and run. 

The b a s i s  o f  t h e  d e s i g n  o f  t h e  Ca l span  s e l f - c o r r e c t i n g  wind t u n n e l  i s  

t h e  s e g m e n t a t i o n  o f  t h e  t e s t  s e c t i o n  plenum and a p p l i c a t i o n  o f  a c t i v e  w a l l  

c o n t r o l  by b l owi ng  o r  s u c t i o n  in  t h e  plenum s e g m e n t s .  C a l i b r a t i o n  e x p e r i m e n t s  

in  t h e  empty t u n n e l  show t h a t  w i t h o u t  a c t i v e  w a l l  c o n t r o l ,  t h e  f l ow  i s  r e l a -  

t i v e l y  p o o r  w i t h  t he  Mach number v a r y i n g  by abou t  20% o v e r  t h e  l e n g t h  o f  t h e  

t e s t  s e c t i o n .  However,  a c t i v e  w a l l  c o n t r o l  e l i m i n a t e s  t h e s e  p o o r  c h a r a c t e r i s t i c s  

and makes t h e  t u n n e l  c o m p a r a b l e  w i t h  e x i s t i n g  f a c i l i t i e s .  The e x p e r i m e n t s  w i t h  

t h e  6 - i n c h  chord  a i r f o i l  in  t h e  t u n n e l  (6% b l o c k a g e } ,  and w i t h  t h e  t u n n e l  

o p e r a t e d  t o  s i m u l a t e  a c o n v e n t i o n a l  po rous  w a l l  wind t u n n e l ,  show t h a t  t h e r e  

a r e  l a r g e  wa l l  i n t e r f e r e n c e  e f f e c t s  on the  f o r c e s  i n c l u d i n g  i m p o r t a n t  s h i f t s  

in  t h e  p o s i t i o n s  o f  t h e  shock waves.  T ) ~ i c a l  r e s u l t s  o b t a i n e d  by a p p r o x i m a t i n g  

a c o n v e n t i o n a l  po rous  wa l l  wind t u n n e l  show t h a t  f o r  t h e  6%-b lockage  NACA 0012 

a i r f o i l  a t  H .  = 0 .725 and ~ = 2 ° , t h e  shock wave on t h e  uppe r  a i r f o i l  s u r -  

f a c e  i s  l o c a t e d  abou t  12% o f  t he  chord  a f t  o f  t h e  i n t e r f e r e n c e  f r e e  p o s i t i o n .  

The e r r o r s  due to  w a l l  i n t e r f e r e n c e  a r e  abou t  30% in  l i f t ,  70% in  d r a g ,  60% 
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in p i t c h i n g  moment. Comparisons with da ta  ob ta ined  on the  same a i r f o i l  in  

the  E igh t -Foot  tunne l  show t h a t  a c t i v e  wall  c o n t r o l ,  used in  con junc t i on  with 

our i t e r a t i v e  procedure  but wi thout  complete convergence ,  l a r g e l y  reproduces  

the  c o r r e c t  shock wave p o s i t i o n ,  e l i m i n a t e s  wal l  i n t e r f e r e n c e  on l i f t  and 

drag,  and reduces  the  i n t e r f e r e n c e  e f f e c t s  on p i t c h i n g  moment t o  10%. In 

view o f  t he s e  r e s u l t s  and o t h e r s ,  5-6 we view the  i t e r a t i o n  exper iments  in the  

s e l f - c o r r e c t i n g  wind tunne l  as being b a s i c a l l y  s u c c e s s f u l  f o r  s u b c r i t i c a l  

wa l l s .  

The objective of the investigation reported here was to extend the 

operational range of the Calspan One-Foot self-correcting wind tunnel to 

higher )~ch number flows for which the locally supersonic regions reach the 

control surfaces and the tunnel walls. This investigation was complemented 

in certain instances by work carried out under ONK/AFOSR Contract No. N00014- 

77-C-0052, as indicated below. 

The f i r s t  exper iments  a t  h ighe r  Mach numbers a re  de sc r ibed  in  

Sec t ion  2, with p r i n c i p a l  emphasis on the  e s t ab l i shmen t  o f  o p e r a t i o n a l  p roce -  

dures  f o r  s e t t i n g  a d e s i r e d  tunne l  flow f i e l d .  These exper iments  were made 

with the  6%-blockage model, and a l though a procedure  was developed i t  was found 

t h a t  the  d e s i r e d  flow f i e l d  c o n t r o l  could  not  always be achieved a t  a l l  l o c a t i o n s  

in the  t e s t  s e c t i o n .  This led  to  a d e t a i l e d  a u x i l i a r y  compressor  c i r c u i t  

a n a l y s i s ,  de sc r ibed  in Sec t ion  3 and c a r r i e d . o u t  j o i n t l y  with the  ONR/AFOSR 

e f f o r t .  The r e s u l t s  o f  t h i s  a n a l y s i s  a re  de sc r i bed ,  and they  demonst ra te  

the  t r a d e - e l l s  a v a i l a b l e  with s e l f - c o r r e c t i n g  wind t u n n e l s .  This s tudy  led 

to the conclusion that the most efficient method for continuing the present 

investigation with the existing apparatus would be to use a 4%-blockage model. 

It was fabricated, and initial experimental results with this model are pre- 

sented in Section 4. The investigation is summarized in the concluding re- 

marks, Section 5, and details are given in the Appendix of some efforts carried 

out in support of the experiments, namely probe calibrations, calculation of 

first approximations to begin the iterations, and improvements to the evalua- 

tion procedures for the functional relationships. 

12 
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The experimental set-up is sho~m in Fig. I. The test section is 

10-inches wide and 12-inches high, and the airfoil is an NACA 0012 section 

with a 6-inch chord. Consequently, the solid blockage with this model is 6%. 

The instrumentation for inferring the two components of the disturbance ve- 

locity is partially visible; the two static pressure pipes are mounted approxi- 

mately 3.93 inches above and below the centerline, and the probes for measuring 

flow angle (Fig. 2) are 4.5 inches above and below the centerline. These 

locations were selected to minimize interference effects between the pipes 

and the probes. 

The test conditions selected for the initial experiments were Mm = 0.85 

and the airfoil model at ~ = 1 ° . This is an interesting test condition because 

the data from the Eight-Foot Tunnel tests, 4 shown in Figures 3 and 4, show un- 

usual airfoil characteristics. Figure 3 shows that the lift curve slope is 

very small at small angles of attack, and Figure 4 shows that both the upper 

and lower airfoil surfaces are supercritical over about 70% of the chord length. 

It might be expected that the unusual shock wave formations on the upper and 

lower surfaces would be sensitive to wall interference effects, and this test 

condition should provide a severe test of the self-correcting scheme. 

We followed our established subcritical-wall procedure in the initial 

experiments; a theoretical estimate was made for the disturbance velocity 

components at the control surfaces using Prandtl-Glauert theory (see the Ap- 

pendix), and wall control was used to set one of these components. These 

estimates show that the flow at the control surfaces would be slightly super- 

critical, Figures 5 and 6. The mode o£ operation that we have been using 5 is 

to apply wall control simply to establish the desired distributions of longi- 

tudinal disturbance velocities at the control surfaces, and it was used here. 

13 
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The r e s u l t s  o b t a i n e d  a t  t h e  c o n t r o l  s u r f a c e s  a r e  shown in  F i g u r e s  5 and 6. 

I t  can  be s e e n  t h a t  u p s t r e a m  o f  t h e  a i r f o i l  q u a r t e r  chord  we were  a b l e  t o  

a c h i e v e  t h e  d e s i r e d  d i s t r i b u t i o n s  v e r y  c l o s e l y  b u t  were u n a b l e  t o  s e t  up t h e  

d e s i r e d  d i s t r i b u t i o n s  downst ream o f  t h i s  l o c a t i o n .  In  f a c t ,  t h e  f l o w  down- 

s t r e a m  was s u p e r s o n i c  w i t h  m u l t i p l e  shock waves e x t e n d i n g  beyond t h e  c o n t r o l  

s u r f a c e s .  The p r e s s u r e  d i s t r i b u t i o n  measured  on t h e  a i r f o i l  i s  shown in  

F i g u r e  7. These  d a t a  a r e  c o n s i s t e n t  w i t h  t h e  f l ow  a t  t h e  c o n t r o l  s u r f a c e s  

and c o r r e s p o n d  t o  a l o c a l  Mach number on t h e  a i r f o i l  in  e x c e s s  o f  1 .30 .  Com- 

p a r i n g  t h e  d a t a  o b t a i n e d  in  t h e  One-Foot  Tunnel  w i t h  t h o s e  o b t a i n e d  in  t h e  

E i g h t - F o o t  Tunne l ,  i t  can be seen  t h a t  t h e  w a l l  i n t e r f e r e n c e  e f f e c t s  on t h e  

model a r e  s i z a b l e ,  and t h e  l a r g e s t  e f f e c t  i s  on t h e  p o s i t i o n  o f  t h e  shock waves 

on t h e  a i r f o i l .  Al though  we have  no d a t a  beyond ~/C = 0 . 9 0 ,  w a l l  i n t e r f e r e n c e  

has  moved t h e  shock  somewhere a f t  o f  t h i s  p o i n t .  I 

I t  i s  c l e a r  f rom F i g u r e s  5 and 6 t h a t  t h e  o p e r a t i o n a l  mode i s  n o t  

s u i t a b l e  f o r  t h i s  t e s t  c o n d i t i o n ,  and a number o f  e x p e r i m e n t s  were  p e r f o r m e d  

i n  an a t t e m p t  t o  mod i fy  t h e  mode. These  i n c l u d e d  v a r y i n g  t h e  d i s t r i b u t i o n  o f  

p o r o s i t y  i n  t h e  v i c i n i t y  o f  t h e  model and r e v e r s i n g  t h e  c o n t r o l  s e q u e n c e ;  i . e . ,  

a p p l y i n g  b lowing  i n s t e a d  o f  s u c t i o n  when s u p e r s o n i c  f low was o b s e r v e d .  Each 

o f  t h e s e  was p a r t i a l l y  s u c c e s s f u l  i n  t h a t  we were  a b l e  t o  r e d u c e  t h e  f low Mach 

number downst ream o f  t h e  a i r f o i l ;  however ,  we were  n o t  a b l e  t o  c o n t r o l  t h e  

e n t i r e  downst ream f low f i e l d .  An example  o f  t h i s  improved  c o n t r o l  i s  i l l u s -  

t r a t e d  in  F i g u r e s  8 t o  10. I t  can  be s een  t h a t  we were  a b l e  t o  p r o d u c e  t h e  

d e s i r e d  f l ow  f i e l d  in  t h e  v i c i n i t y  o f  t h e  mode l ,  bu t  were  u n a b l e  to  p r e v e n t  

t h e  f low from a c c e l e r a t i n g  t o  M = 1 .05  a t  t h e  downst ream end o f  t h e  t e s t  s e c -  

t i o n ,  p r o d u c i n g  a s t r o n g  normal  shock  wave i n  t h e  d i f f u s e r .  F i g u r e  10 shows 

t h a t  t h i s  improved  c o n t r o l  m o d i f i e d  t h e  a i r f o i l  p r e s s u r e  d i s t r i b u t i o n  f a v o r a b l y ,  

moving t h e  a i r f o i l  shock  waves f rom t h e  t r a i l i n g  edge n e a r e r  t o  t h e  c o r r e c t  

p o s i t i o n s .  

The above  method o f  r e g a i n i n g  f low f i e l d  c o n t r o l  i s  an i n e f f i c i e n t  

a p p r o a c h ,  as  e v i d e n c e d  by t h e  normal  shock  wave in  t h e  d i f f u s e r .  C o n s e q u e n t l y ,  

we h a l t e d  t h o s e  a t t e m p t s  in  f a v o r  o f  two more d i r e c t  me thods .  The f i r s t  i s  

t o  u s e  w a l l  c o n t r o l  t o  o b t a i n  t h e  d e s i r e d  normal  v e l o c i t y  componen t s ,  in  

14 
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c o n t r a s t  to  the  p r e sen t  p rocedure  o f  c o n t r o l l i n g  the  l o n g i t u d i n a l  v e l o c i t y  

component. The second i s  t o  approach the  case o f  s u p e r c r i t i c a l  wal l s  more 

g r a d u a l l y  by e s t a b l i s h i n g  c o n t r o l  a t  a lower Mach number and then working up 

in Mach number. 

The next set of experiments was thus designed to investigate these 

new modes of operation for conditions where the walls are supercritical. The 

first case was a wholly subcritical one, namely Mm = 0.80, ~ = 1 °. We 

had run at this test condition previously and had been able to exert the de- 

sired wall control to establish the longitudinal components of the disturbance 

velocity. Here, though, we first used wall control to establish the normal 

velocity components, and those results are presented in Figures 11-15. 

Figures ii and 12 show the Prandtl-Glauert normal velocity distributions we 

were trying to set as well as the normal velocities that were obtained. It 

can be seen that we were able to obtain the desired normal velocities upstream 

of the model, but we were not able to establish all of the desired values in 

the remainder of the flow field. The source of this difficulty is apparent 

from the distributions of the longitudinal velocity, Figures 13 and 14. The 

distributions of the longitudinal velocity upstream of the model are reasonable, 

but downstream of the model the flow is supersonic, much like the conditions 

previously observed at Mm = 0.85, ~ = 1 ° in Figures 5 and 6. The schlieren 

photograph in Figure 15 confirms these observations and also shows that shock 

waves were produced by the probes near the walls. 

The exper imenta l  obse rva t i on  t h a t  d i r e c t  c o n t r o l  o f  the  normal ve- 

l o c i t y  component is impractical can be explained qualitatively using Prandtl- 

Glauert theory and linearized supersonic theory. It is recognized that these 

theories are limited in the vicinity of M~ = i, but they illustrate the trends 

that can be expected. The effects of the model thickness on the flow field be- 

comes increasingly important in the transonic regime and can dominate the lift 

effects. It can be showm that for a doublet in the Prandtl-Glauert regime, 

the ratio of the longitudinal velocity component to the normal velocity com- 

ponent is 

15 
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a 

= ( i )  

w h e r e , =  ~ M - ~ ,  and x and y a re  the  l o n g i t u d i n a l  and normal c o o r d i n a t e s .  

At a p o i n t  along the  c o n t r o l  s u r f a c e ,  x = ky, where k i s  an a r b i t r a r y  cons t an t  

Cbut no t  z e ro ) ,  the  v e l o c i t y  r a t i o  i s  

- -  - ~ k C 2 )  

Consequently in the transonic range, small changes in the normal velocity com- 

ponent, ~, correspond to large changes in the longitudinal velocity component, 

S i m i l a r l y ,  in  l i n e a r i z e d  superson ic  f low, the  r a t i o  o f  the  two 

v e l o c i t y  components i s  

~ C~) 
and in the  t r a n s o n i c  r ange ,  small changes in  the  normal v e l o c i t y  component, ~ r ,  

i 

a l so  cor respond  t o  l a rge  changes in  the  l o n g i t u d i n a l  v e l o c i t y  component, ~ . 

These arguments,  coupled with our exper imenta l  e x p e r i e n c e ,  make i t  c l e a r  t h a t  

the  bes t  mode o f  o p e r a t i o n  s t i l l  i s  t o  use wall  c o n t r o l  t o  e s t a b l i s h  t he  de- 

s i r e d  d i s t r i b u t i o n s  o f  l o n g i t u d i n a l  v e l o c i t y  components. 

We r e pea t ed  t h i s  t e s t  c o n d i t i o n ,  M~ = 0 .80,  ~ = 1 ° ,  us ing  wall  

c o n t r o l  t o  e s t a b l i s h  the  d e s i r e d  d i s t r i b u t i o n s  o f  the  l o n g i t u d i n a l  d i s t u r b a n c e  

v e l o c i t y ,  t o  check again to  see i f  the  d e s i r e d  c o n t r o l  could be e x e r t e d  a t  

t h e s e  c o n d i t i o n s .  The r e s u l t s  a re  shown in Figures  15 t o  20. I t  can be seen 

in F igures  16 and 17 t h a t  we were ab le  to  e s t a b l i s h  c o n t r o l  over  the  l o n g i t u d i n a l  

d i s t u rba nc e  v e l o c i t i e s ,  and t h a t  the  cor responding  normal v e l o c i t i e s ,  F igures  

18 and 19, are  in r ea sonab le  agreement with the  e s t ima t e s  based on P r a n d t l -  

Glauer t  t h e o r y .  The s c h l i e r e n  photograph,  Figure  20, shows t h a t  t he  shock 

wave i s  near  t he  c o r r e c t  p o s i t i o n ,  as i n d i c a t e d  by the  E igh t -Foo t  Tunnel da t a ,  

and conf i rms t h a t  the  c o n t r o l  s u r f a c e s  are  s u b c r i t i c a l .  

16 
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We next performed experiments at Mw = 0.85, O& = 1 °, after intro- 

ducing the area change in the tunnel diffuser described below in Section 3. 

The operational mode here was the second approach mentioned above, namely to 

use wall control to establish the desired distributions of longitudinal dis- 

turbance velocities, beginning from the settings at M~ = 0.80, ~ = 1 °. 

Then the Math number was increased to 0.85 and the wall controls were read- 

justed to obtain the desired distributions at the new Math number. The re- 

sults of this experiment are shown in Figures 21 to 25. The distributions of 

the longitudinal velocity, Figures 21 and 22, are in reasonable agreement with 

the Prandtl-Glauert estimates, particularly upstream and downstream of the 

model. The differences are probably due to limitations in the theory at this 

Math number. The important point, however, is that by means of this mode of 

operation, we were able to achieve wall control for conditions where the local 

Math number at the control surfaces was about 1.05. 

The corresponding distributions of normal velocity, shown in Figures 

25 and 24, are reasonable in that the distributions are physically plausible. 

The discrepancies between the data and the Prandtl-Glauert estimates reflect 

the fact that the flow is not unconfined and hence iterative wall adjustments 

are required. The schlieren photograph, Figure 25, should be compared with 

Figure 15, because the latter is representative of the flow field when we 

were unable to exert the desired control. Figure 25 shows that through wall 

control we were able to duplicate closely the correct shock wave positions. 

The shock waves emanating from the flow angle probe provide evidence that the 

control surfaces were supercritical. 

Having achieved some degree of wall control at M~ = 0.85, OC = I °, 

we normally would have begun iterating toward unconfined flow. However, one 

of the plenum chambers in the vicinity of the model was at the limit of its 

control. Consequently, we were not confident that we could achieve the next 

iterative step so did not proceed. This difficulty led to a detailed analysis 

of the auxiliary compressor circuit, described in the next Section, to identify 

the source of this limitation and to indicate the best means for correcting 

it. 

17 
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3.0 AUXILIARY CIRCUIT ANALYSIS 

Our expe r i ence  with the  s e l f - c o r r e c t i n g w i n d  tunne l  has shown t h a t  

t he  wind t u n n e l ' s  performance range i s  l i m i t e d  because we a re  no t  always ab le  

t o  e f f e c t  the  d e s i r e d  flow f i e l d  c o n t r o l  a t  a l l  t e s t  c o n d i t i o n s .  We have 

modi f ied  the  a u x i l i a r y  compressor c i r c u i t  in o rde r  t o  minimize some ex t raneous  

l o s se s  and have made measurements t o  de termine  i f  f u r t h e r  m o d i f i c a t i o n s  a re  

warranted .  These measurements have been used in con junc t i on  wi th  the  a n a l y s i s  

below t o  assess  the  t u n n e l ' s  performance.  

The aux i l i a ry  suc t i on  system is shown schematically in Figure 26. 

a n a l y s i s  s t a r t s  with the  p r e s s u r e  ba lance ,  no t ing  t h a t  the  compressor has a 

f i xed  compression r a t i o ,  ~c  • 

where 

The 

C4) 

The a v a i l a b l e  p r e s s u r e  drop ac ross  the  wall  i s :  

The lo s se s  in the p i pe s ,  A~v ~ and ~ a L  , a re  governed by 

L co~st. 
= , > ,  = . _  

/ 

We have found t h a t  t he  vo lume t r i c  flow through the  compressor i s  e s s e n t i a l l y  

i n v a r i a n t  f o r  our range o f  t e s t  c o n d i t i o n s .  Fu r the r j  one would expec t  t he  

d e n s i t y  in the  a u x i l i a r y  c i r c u i t  t o  be a f i x e d  f r a c t i o n  o f  the  t e s t  s e c t i o n  

d e n s i t y .  I f  we n e g l e c t  t he  o n e - f o u r t h  power v a r i a t i o n s ,  t he  l o s se s  in the  

p ipes  w i l l  va ry  as the  square  o f  the  f r e e - s t r e a m  v e l o c i t y ,  or  

18 
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where tile c o n s t a u t s  C 1 and C 2 a re  de te rmined  experJx:mnta l ly  f o r  our  c i r c u i t .  

S i m i l a r l y ,  i t  can be shown from tile one -d imens iona l  c h a n n e l - f l o w  e q u a t i o n s  t h a t  

the  r ecompressJon  p r e s s u r e  l o s s  v a r i c s  a p p r o x i m a t e l y  as 

/~p.J 2. 
( c 3 • c 4 m = 1,,l® 4 (7) 

where the constants C3, (;4 and C 5 were also determined experimentally for the 

compressor circuit. 1"he relations in Equations (6) and (7) have been combined 

with Equation (5) to obtain the follo~'Jng relation for estimating the tunnel 

pe r fo rmance .  

- '--& (c. + c.Mf ÷ c5M2) } (s) 

We have used Chew's data 7 for the loss characteristics of porous 

walls and have obtained the empirical correlation shown in Figure 27, namely 

that the wall loss characteristics vary as 

Chew's d a t a  canno t  be used d i r e c t l y  in e s t i m a t i n g  l o s s e s  a c r o s s  a porous  wa l l  

because  t h o s e  d a t a  were de te rmined  from measurements o f  t he  v o l u m e t r i c  f low 

t h r o u g h  the  w a l l s .  Consequen t ly ,  t h e y  do no t  account  f o r  t he  a m p l i f i c a t i o n  

e f f e c t  o f  the  wal l  boundary  l a y e r .  We have made measurements  o f  t he  p r e s s u r e  

drop across the wall and the normal velocity component in the inviscid stream 

7. Chew, W.L. "Cross-Flow Calibration at Transonic Speeds of Fourteen 
Perforated Plates with Round Holes and Airflow Parallel to the Plates" 
AEDC-TR-54-65, July 1955. 
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for our wall~ which have a porosity~ of 22.5%, and have shown that those data 

correlate within the parameters o£ Fig. 27 but with a different constant, 

namely K - 111. 

We combined Equat ions (8) and (9) and used t h a t  r e s u l t  t o  e s t ima t e  

the  performance o f  the  p r e sen t  tunne l  c o n f i g u r a t i o n .  The s o l i d  curve  in 

Figure  28 shows the  maximumnormal v e l o c i t y  component t h a t  can be ob t a ined ,  

n e g l e c t i n g  the  model flow f i e l d  e f f e c t ,  as a f u n c t i o n  o f  Math number f o r  our  

compressor ,  R c = 1.45. Included in Figure  28 i s  a l i m i t i n g  l i n e  cor responding  

t o  choked flow through t he  e x i s t i n g  O'= 22.5% wal l s .  We have a l so  c a l c u l a t e d  

the  model flow f i e l d  e f f e c t  and the  normal v e l o c i t y  component r e q u i r e d  a t  t he  

model q u a r t e r c h o r d ,  see Figure  28. These e s t ima t e s  are  based on P r a n d t l - G l a u e r t  

t h e o r y  f o r  ~ = 1 ° .  I t  can be seen t h a t  t he  a v a i l a b l e  and r e q u i r e d  w~ll con- 

t r o l  a re  equal  a t  M~ ~ 0.86.  This i s  in good agreement wi th  our  expe r i ence  

where we have found t h a t  the  wall  c o n t r o l  i s  l i m i t e d  somewhere below Mm = 0.85.  

This sugges ts  t ha t  the  c i r c u i t  a n a l y s i s  i s  adequ@te f o r  our p r e s e n t  purposes .  

One conc lus ion  from t h i s  a n a l y s i s  was t h a t  t he  recompress ion  p e n a l t y ,  

A~a in Equation (5) ,  could be reduced c o n s i d e r a b l y .  This can be accomplished 

by i n t r o d u c i n g  an a rea  change in the  tunne l  d i f f u s e r  at  t he  l o c a t i o n  where 

the  flow from the  a u x i l i a r y  blower i s  vented  i n t o  the  tunne l  c i r c u i t .  The 

be s t  arrangement i s  to  gene ra t e  son ic  flow a t  t h a t  l o c a t i o n ,  so t h a t  t h e r e  

would be suc t ion  on the  blower d i scha rge .  Eq. (8) d e s c r i b i n g  the  blower c i r -  

c u i t  performance then becomes 

- " - ( ' +  

and when combined with Equation (9) can be used t o  p r e d i c t  t he  c i r c u i t  pe r -  

formance. This i s  i l l u s t r a t e d  in Figure  29 along with r e s u l t s  f o r  o t h e r  

va lues  o f  R c t h a t  w i l l  be d i scussed  below. This a rea  change m o d i f i c a t i o n  

promises a c o n s i d e r a b l e  improvement in the  c i r c u i t  performance a t  lower Mach 

numbers, see Figure  28 f o r  comparison,  and i n d i c a t e s  an i n c r e a s e  in t he  l i m i t -  

ing Hach number from 0.85 to  0.90.  

j ['- :÷ ) 
' ..o)+ , + ,  / 

(lO) 
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We installed such an area change in the tunnel diffuser to produce 

nearly sonic flow at the location where the blower is vented to the main 

tunnel circuit, and we made exploratory experiments to assess the wall con- 

trol. These consisted of setting the longitudinal disturbance velocities 

predicted by Prandtl-G1auert theory. We were able to exert the desired con- 

trol at Mm = 0.80 and 0.85 (see the previous section), but were not able 

to exert the desired control at M~ ~ 0.90. From this we concluded that the 

disturbance velocities produced by the 6%-blockage model at higher Mach num- 

bers are too large to control with the existing experimental equipment. Four 

alternatives for alleviating this condition were considered; 1) use of an 

auxiliary compressor with a higher compression ratio R c, 2) use of walls 

with a higher porosity~ , 3) moving the model off the tunnel centerline, 

and 4) construction and testing of a smaller-chord 0012 airfoil model. 

The effect of using an auxiliary compressor with a higher compression 

ratio can be seen by reference to Fig. 29. There, the maximum available 

normal velocity that can be obtained without considering the model flow field 

is given for the additional compression ratios of 2 and 107. This figure 

shows that the best to be expected would be an increase of performance until 

the limit of choked perforations was reached at all Mach numbers. With the 

6%-blockage model, this would enable us to increase the limiting Mach number 

from 0.90 to about 0.915. 

This result leads to examination of the possibility of using test 

section walls with a porosity~ greater than 22.5%. An assessment was carried 

out, again using the wall loss characteristics reported by Chew. 7 The data 

he obtained at M= = 0.90 were correlated in terms of the parameters, 

I ~ and (-~m) ~ for ~ values of 5.2%, 11.8%, 22.5%, and 33%. These 

correlations are presented in Fig. 30 and it can be seen that they are suf- 

ficiently accurate for the present purposes. The correlations in Fig. 30 
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were used to  determine the  cons t an t ,  K, in the  equat ion fo r  the  wall  loss  

c h a r a c t e r i s t i c s ,  Eq. 9, and t h i s  cons tan t  i s  p l o t t e d  as a func t ion  o f  p o r o s i t y  

in Fig. 51. As descr ibed  above, we r equ i r e  a s i m i l a r  curve,  but with a d i f -  

f e r e n t  cons t an t .  For a n a l y s i s  purposes ,  we assume t h a t  the  boundary l aye r  

a m p l i f i c a t i o n  f a c t o r  i s  independent o f  p o r o s i t y ;  i . e . ,  we assume t h a t  the  wall  

loss  c h a r a c t e r i s t i c s  are  descr ibed  by the  l i n e  through the  s i n g l e  Calspan da ta  

po in t  in Fig. 31. The tunne l  performance es t imated  with t h i s  c o r r e l a t i o n  i s  

presented  in  Fig. 32 fo r  o" ' s  o f  22.5%, 35%, and 50%. I t  can be seen t h a t  

an inc rease  in p o r o s i t y  improves the c a p a b i l i t i e s  o f  wal l  con t ro l  a t  any 

given Mach number. For example a t  M~ = 0.85, an inc rease  in wall  p o r o s i t y  

from 22.5% to  50% doubles the  a v a i l a b l e  ~ / U  m . However, t h i s  inc rease  only 

changes the  l i m i t i n g  Mach number from 0.90 to  0.92. Furthermore,  a d d i t i o n a l  

e f f o r t  i s  r equ i red  to  assess  the  e f f e c t  o f  inc reased  wall  p o r o s i t y  on the  

wave c a n c e l l a t i o n  p r o p e r t i e s  fo r  the  adap t ive -wa l l  a p p l i c a t i o n .  

It does appear t h a t  a combination of a new a u x i l i a r y  compressor with 

higher R c and walls with higher ~ might hold promise of improving the system 

characteristics. However, the cost and time delays inherent in this implementa- 

tion did not seem justified in order to make timely progress. The third al- 

ternative, t e s t i n g  the  model o f f  the  t e s t  s ec t i on  c e n t e r l i n e ,  was cons idered  

in some d e t a i l  but was not  implemented because i t  i s  not  r e a d i l y  accomplished 

with our experimental  appara tus .  As shown in Figure 1, the  model i s  supported 

on s h a f t s  and bear ings  extending through g lass  windows, and i t  would be nec- 

e s sa ry  to  d r i l l  new ho les .  

We concluded,  t h e r e f o r e ,  t h a t  the  most exped i t ious  method f o r  in -  

v e s t i g a t i n g  the  performance of  the  s e l f - c o r r e c t i n g  wind tunne l  wi th  super-  

c r i t i c a l  wal ls  i s  to  cont inue  with the  p resen t  wind tunne l  c o n f i g u r a t i o n ,  

22.5% porous wa l l s ,  and to  use a s l i g h t l y  smal le r  4%-blockage model. I t  

should be emphasized t h a t  we do not  regard  e i t h e r  6% blockage or  4% blockage 

as upper l i m i t s  on model s i ze  fo r  a s e l f - c o r r e c t i n g  wind tunne l .  The c i r c u i t  

a n a l y s i s  c i t e d  above i n d i c a t e s  t h a t  the  tunne l  performance can be improved 

by s i z i n g  the  wall  c h a r a c t e r i s t i c s ,  the  a u x i l i a r y  pumping system, the  model, 

and the  tunne l  c i r c u i t  in  keeping with s p e c i f i c  o b j e c t i v e s .  We e l e c t e d  to  
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use a smaller model as the alternative that would allow timely investigation 

o£ the tunnel characteristics with supercritical walls. Before leaving the 

circuit analysis, it should be noted that it does form a sound-basis for the 

design and future development of advanced self-correcting wind tunnels. It 

provides a rational method for sizing models, test sections,, and auxiliary 

compressor circuits, and in fact, it could serve as a basis for working 

charts to define the operational range for any given self-correcting facility. 
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4.0 EXPERIMENTS WITH A 4Z-BLOCKAGE MODEL 

An airfoil model with an NACA 0012 section and a 4-inch chord (4% 

blockage) was constructed and is being tested to investigate the self-cor- 

recting wind tunne l  with s u p e r c r i t i c a l  c o n t r o l  s u r f a c e s .  The model has a 

row o f  p r e s s u r e  o r i f i c e s  along i t s  c e n t e r l i n e  on the  upper  and lower su r -  

f a c e s ,  but  t h e r e  a re  no p r o v i s i o n s  f o r  measuring the  f o r c e s  and moment d i -  

r e c t l y .  The f i r s t  exper iments  were performed with t he  model nomina l ly  a t  1 ° 

angle  o f  a t t a c k  and with a f r e e - s t r e a m  Mach number o f  0 .85.  As no ted  in  

Sec t ion  2, t h i s  t e s t  c o n d i t i o n  was s e l e c t e d  because  the  E igh t -Foo t  Tunnel 

r e s u l t s ,  F igs .  5 and 4, show t h a t  the  l i f t  curve s lope  i s  ve ry  small  due to  

the  unusual  shock wave l o c a t i o n s  on t he  upper  and lower s u r f a c e s .  

Severa l  a t tempts  were made t o  i t e r a t e  t h i s  p a r t i c u l a r  case .  The 

wall  c o n t r o l  was adequate  a t  a l l  t imes ,  but  we were unable  to  e s t a b l i s h  t he  

d e s i r e d  v e l o c i t y  d i s t r i b u t i o n s  beyond t h e  f i r s t  approximat ion.  We could 

e x e r t  t he  d e s i r e d  c o n t r o l ,  s e q u e n t i a l l y ,  p roceed ing  from the  beginning  o f  

the  t e s t  s e c t i o n  t o  the  model. However, subsequent  small  ad jus tments  imme- 

d i a t e l y  downstream o f  the  model produced a sudden change in the  f low f i e l d  

in the  v i c i n i t y  o f  t he  model t h a t  c a l l e d  f o r  new adjus tments  t o  the  e n t i r e  

flow f i e l d .  

The basic source of the difficulty is illustrated by the schlieren 

photographs in Fig. 35. These were taken at different times after 

the first approximation had been established, and they show that the shock 

wave positions were fluctuating. The shock waves tended to form correctly, 

according to the Eight-Foot Tunnel data, at the rear position, but then moved 

forward and r e t u r n e d  t o  the  r e a r  p o s i t i o n  with a p e r i o d  o f  about l0 seconds.  

The excurs ions  were l a r g e r  on the  lower s u r f a c e ,  cover ing  about 15% o f  the  

chord.  

The r e s u l t s  from the  E igh t -Foo t  Wind Tunnel were re-examined t o  see 

if any indication of these fluctuations was present in those experiments. 

Duplicate data had been taken in those experiments, and a comparison of the 

pressure data showed excellent repeatability. Consequently, it appears that 
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this test condition was steady in an essentially unconfined flow, and so the 

residual wall interference in the One-Foot Tunnel, even after setting the first 

approximation, may be sufficient to produce the observed fluctuations. 

I t  i s  c l e a r  t h a t  t h e s e  shock  wave f l u c t u a t i o n s  have  u n n e c e s s a r i l y  

c o m p l i c a t e d  t h e  b a s i c  o b j e c t i v e  o f  i n v e s t i g a t i n g  t h e  s e l f - c o r r e c t i n g  wind 

t u n n e l  unde r  c o n d i t i o n s  where t h e  c o n t r o l  s u r f a c e s  a r e  s u p e r c r i t i c a l .  Con- 

s e q u e n t l y ,  i n v e s t i g a t i o n s  in t h e  immedia te  f u t u r e  w i l l  n o t  use  t h i s  t e s t  c o n d i -  

t i o n ,  bu t  w i l l  be made wi th  t e s t  c o n d i t i o n s  where t h e  f low f i e l d  i s  s t e a d y .  

E x p l o r a t o r y  e x p e r i m e n t s  have  i n d i c a t e d  t h a t  s t a b l e ,  s u p e r c r i t i c a l  t e s t  c o n d i t i o n s  

can be a t t a i n e d .  
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5.0 CONCLUDING REMARKS J"l 

The p u r p o s e  o f  t h i s  r e s e a r c h  has  been  t o  e x t e n d  t h e  o p e r a t i n g  r a n g e  

o f  t h e  Ca l span  s e l f - c o r r e c t i n g  wind t u n n e l  t o  c o n d i t i o n s  where t h e  c o n t r o l  

s u r f a c e s  and t h e  t u n n e l  w a l l s  a r e  s u p e r c r i t i c a l .  The e a r l y  e x p e r i m e n t s  

showed t h a t  i t  was no t  p r a c t i c a l  t o  u se  ou r  e s t a b l i s h e d  mode o f  o p e r a t i o n  

f o r  s u b c r i t i c a l  w a l l s  b e c a u s e  t h e  e n t i r e  f low f i e l d  downst ream o f  t h e  model 

q u a r t e r  chord  became s u p e r s o n i c ,  and we were  no t  a b l e  t o  e s t a b l i s h  f l ow  f i e l d  

c o n t r o l .  Subsequen t  e x p e r i m e n t s  showed t h a t  a p r a c t i c a l  o p e r a t i o n a l  mode i s  

t o  u s e  w a l l  c o n t r o l  f i r s t  t o  e s t a b l i s h  t h e  d e s i r e d  d i s t r i b u t i o n s  o f  t h e  l o n g i -  

t u d i n a l  v e l o c i t y  component  f o r  c o n d i t i o n s  where t h e  w a l l s  a r e  s u b c r i t i c a l ,  

and t h e n  t o  i n c r e a s e  t h e  Mach number and t o  r e a d j u s t  t h e  w a l l  c o n t r o l  s e -  

q u e n t i a l l y .  In t h i s  way, we were a b l e  t o  e x e r t  t h e  d e s i r e d  c o n t r o l  f o r  

c o n d i t i o n s  where t h e  l o c a l  Mach number on t h e  a i r f o i l  was abou t  1 .30  and 

t h e  l o c a l  Mach number a t  t h e  c o n t r o l  s u r f a c e s  was 1 .05 .  

. 

I t e r a t i o n  e x p e r i m e n t s  wi th  t h e  6 S - b l o c k a g e  model were no t  a t t e m p t e d  

a t  t h i s  t e s t  c o n d i t i o n ,  M~ = 0 .85 ,  ~ = 1 ° ,  b e c a u s e  we were l i m i t e d  l o c a l l y  

by  t h e  a v a i l a b l e  w a l l  c o n t r o l .  A g e n e r a l i z e d  a n a l y s i s  o f  t h e  t e s t  s e c t i o n  

and a u x i l i a r y  c o n t r o l  c i r c u i t  was p e r f o r m e d  t o  d e t e r m i n e  t h e  r e l a t i v e  t r a d e -  

offs between a larger compressor, increased wall porosity, model position, 

and model size. It was concluded that the most practical alternative, in 

this instance, was to build and test a 4S-blockage model. 

A model with a solid blockage of 4% was built and exploratory ex- 

periments were performed at M~ = 0.85, ~ = i°. These experiments con- 

sisted of using wall control to establish our first approximation for the 

model flow field and then to attempt iteration. Initial efforts were un- 

successful and subsequent experiments showed that the flow field corresponding 

to the first approximation was not steady. The shock waves on the airfoil 

fluctuated over about 15% of the model chord with a period of about ten 

seconds. Future experiments with supercritical walls will be based upon a 

test condition where these fluctuations are not observed. 

I. # 
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APPENDIX 

There were t h r e e  exper imenta l  and t h e o r e t i c a l  e f f o r t s  c a r r i e d  out  

in d i r e c t  suppor t  o f  the  exper iments .  The f i r s t  o f  these  i s  t he  extended 

c a l i b r a t i o n  o£ the  f low angle  probes .  The second i s  t he  e s t i m a t i o n  o f  the  

d i s t u r b a n c e  v e l o c i t y  components a t  the  c o n t r o l  s u r f a c e  l o c a t i o n s  in o rde r  t o  

s t a r t  the  exper imenta l  i t e r a t i o n s .  The t h i r d  i s  the  e v a l u a t i o n  o f  the  ex- 

t e r i o r - f l o w  f u n c t i o n a l  r e l a t i o n s h i p s  dur ing  t he  exper imenta l  i t e r a t i o n s  

toward unconf ined  flow. 

A.I PROBE CALIBRATION 

One t a sk  t h a t  was completed e a r l y  in the  r e s e a r c h  was t he  c a l i b r a -  

t i o n  o f  probes f o r  measuring the  flow angle  over  a more complete range o f  

Mach number. A t y p i c a l  probe i s  shown s c h e m a t i c a l l y  in Fig.  2, and t he  

f low angle  sensor  c o n s i s t s  o f  two hypodermic tubes  mounted s ide  by s ide  with 

the  f r o n t  f aces  chamfered a t  ± 45 °.  The s t a t i c  p r e s s u r e  o r i f i c e s  shown in 

Pig.  2 are  not  used because o£ e x c e s s i v e  i n t e r f e r e n c e  from the  probe stem. 

The probes were mounted in a f i x t u r e  l o c a t e d  behind the  tunne l  wal l  a t  a 

l o n g i t u d i n a l  p o s i t i o n  about 10 inches  upstream o f  mid- tunne l .  This f i x t u r e  

p o s i t i o n e d  the  probes  a t  flow angles  o f  ± 4 deg rees .  Since the  exposed l eng th  

o f  the  probe stems was i d e n t i c a l  t o  t h a t  used in  t he  exper iments  wi th  the  

a i r f o i l  in p l a c e ,  t h e r e  was no need t o  cons ide r  probe d e f l e c t i o n s .  Act ive  

wall  c o n t r o l  was used t o  e s t a b l i s h  a uniform s t a t i c  p r e s s u r e  d i s t r i b u t i o n  

along the  l eng th  o f  the  t e s t  s e c t i o n  in o rde r  t o  approximate p a r a l l e l  f low. 

C a l i b r a t i o n s  were ob ta ined  a t  d i s c r e t e  Mach numbers up t o  0 .95,  and a l l  t e s t  

c o n d i t i o n s  were r epea t ed  s e v e r a l  t imes t o  de te rmine  the  s c a t t e r  in the  da ta .  

Following t he s e  exper iments ,  the  probes were remounted through the  wa l l s  a t  

the  l o n g i t u d i n a l  p o s i t i o n s  used in the  a i r f o i l  exper iments .  The tunne l  then  

was run wi thout  the  model, wal l  c o n t r o l  was used t o  ob t a in  a uni form l o n g i -  

t u d i n a l  p r e s s u r e  d i s t r i b u t i o n  in the  t e s t  s e c t i o n ,  and t he  probe read ings  

were taken  t o  be those  cor responding  t o  p a r a l l e l  flow. Again, t he  e x p e r i -  

ments were r e pe a t ed  s e v e r a l  t imes t o  determine the  s c a t t e r .  
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These exper iments  determined the s lopes  of  the  c a l i b r a t i o n  curves as 

a f u n c t i o n  o f  Mach number. I t  was found t h a t  the  s lopes  i nc rea sed  or  dec reased ,  

depending on the  i n d i v i d u a l  probe,  and t h e r e  were no abrupt  changes in  the  

s lopes  or  probe zeros  wi th in  the  Mach number range t e s t e d .  Nominally,  the 

i s ~  2A, , ,~ ,  and the  Mach number e f f e c t s  incompress ib le  probe sensitivity 

change this value by about 10% at M~ = 0.95. 

A.2 ESTIMATES OF THE DISTURBANCE VELOCITY COMPONENTS 

In the experiments to establish an operational mode, estimates of the 

disturbance velocity components at the control surfaces were made on the basis 

of Prandtl-Glauert theory. It was assumed that the airfoil model can be repre- 

sented by a source, vortex and streamwise doublet, the strengths of which are 

proportional to the airfoil drag, lift and thickness, respectively. Although 

these initial estimates are adequate at subcritical Math numbers, they are less 

satisfactory at M~ = 0.85 and 0.90. After the operational mode experiments, 

therefore, the NASA/Ames computer program TSFOIL 8 was made operational on the 

IBM 560/65 computer at Calspan. Thus, both a Prandtl-Glauort method and TSFOIL 

are now available to provide estimates of the flow field. 

A.3 EVALUATION OF THE FUNCTIONAL RELATIONSIIIPS 

An effort was devoted, to improving our functional-relationship evalu- 

ation techniques. That is, in preparation for the experiments with super- 

critical flow at the control surfaces, we modified the transonic finite- 

difference computer program for evaluating the unconfined flow functional re- 

lationships. This program was developed at Calspan by Dr. W. J. Rae and was 

modified by him later to treat control surface measurements at two different 

distances from the model, as in our experimental arrangement. The modifica- 

tions have been along the lines of streamlining the handling procedure of 

typical input data and of providing the appropriate printout and computer 

plots of the results. Two programs were made operational. The first of 

these carries out a cubic spline fit to the measured normal velocity data and 

then evaluates the corresponding unconfined-flow values of the longitudinal 

8. Murman, E.M., Bailey, F.R. and Johnson, M.L. "TSFOIL-A Computer Code 
for q~o-Dimensional Transonic Calculations, Including Wind-Tunnel Wall 
Effects and Wave-Drag Evaluation" Paper No. 26 in Aerodynamic Analyses 
Requiring Advanced Computers, NASA-SP-347-Part 2, March 1975. 

29 



AE DC-TR-78-36 

velocity. The second program carries out a smoothing spline fit to the 

measured longitudinal velocity data and evaluates the corresponding uncon- 

fined flow values of the normal velocity. 

As indicated in Section 2, we concluded that we must continue to 

set the longitudinal velocity component ~ in the experiments. This requires 

that the distributions o£ the measured normal velocity component~ be used 

as the boundary conditions on the external-flow calculations to provide the 

next approximation to ~ . We had found earlier in our experiments, however, 

that it is difficult to carry out conventional interpolation procedures ac- 

curately based on the small number o£~ measurements available (ten at the 

upper control surface, eight at the lower). Fortunately, however, we do have 

a s u f f i c i e n t  number o f ~ ,  measurements ( f o r t y  to  f i f t y  a t  each c o n t r o l  su r -  

face)  to  p rov ide  a good d e f i n i t i o n  o f  t h e i r  d i s t r i b u t i o n s .  Based on the  

e x i s t i n g  s i t u a t i o n ,  we have dev ised  a procedure  which should prov ide  an adequate  

i n t e r p o l a t i o n  in the  ~ da ta ,  e s p e c i a l l y  i f  we a re  not  too  f a r  from unconf ined-  

flow cond i t i ons .  

The f i r s t  s t ep  in t h i s  i n t e r p o l a t i o n  procedure  i s  t o  use the  ex ten-  

s ive  u ~ . d a t a ,  as i n t e r p o l a t e d  by a cubic  s p l i n e  (smoothed or  no t ,  as  d e s i r e d ) ,  

t o  c a l c u l a t e  the  corresponding unconf ined flow d i s t r i b u t i o n  va [u~.] .  Next, 

the  d i f f e r e n c e  I r m - ~ [ t ~ ] i s  determined a t  each ~ l o c a t i o n  w h e r e ~  measure- 

ments are  made. These d i f f e r e n c e s  are then i n t e r p o l a t e d  l i n e a r l y  in  x, so 

t h a t  the  r e s u l t a n t  i n t e r p o l a t i o n  in ~vm i s  found by adding the  i n t e r p o l a t e d  

d i f f e r e n c e ,  ~ - ~ [ ~ ] ,  to  the  c a l c u l a t e d  ~ [ ~ ]  d i s t r i b u t i o n .  Once the  ~ 

i n t e r p o l a t i o n  has been found, the  e x t e r i o r = f l o w  c a l c u l a t i o n  o£ ~ c [ ~ ]  i s  

c a r r i e d  out  to  give the  next  approximation t o ~  which w i l l  be s e t  in the  

tunne l .  

This procedure  thus uses  the  shape o f  the  zP~[~.] d i s t r i b u t i o n  as a 

b a s i s  f o r  i n t e r p o l a t i o n  s ince  rheum,  d i s t r i b u t i o n  i s  wel l  de f ined  expe r imen ta l ly .  

C l ea r ly ,  as convergence o f  t h e t u n n e l  i t e r a t i o n  i s  approached,  the  d i f f e r e n c e s  

~ r m - v e [ ~ ] w i l l  approach zero and the  i n t e r p o l a t i o n  should improve. To da te ,  

this method has not been exercised in iteration experiments. 
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Figure 18 NORMAL V E L O C I T Y  COMPONENTS AT THE UPPER CONTROL SURFACE, Moo= 0.80, a = 1 O, 

6% BLOCKAGE. WALL CONTROL USED TO ESTABLISH L O N G I T U D I N A L  V E L O C I T Y  COMPONENTS 
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Figure 20 SCHLIEREN VIEW OF THE FLOW FIELD AT Moo = 0.80, a = 1 ° ,  6% BLOCKAGE. WALL CONTROL 
USED TO ESTABLISH THE LONGITUDINAL VELOCITY COMPONENTS 
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Figure 25 SCHLIEREN VIEW OF THE FLOW FIELD AT M o~ = 0.85, a = 1 O,6% BLOCKAGE. 
WALL CONTROL USED TO ESTABLISH LONGITUDINAL VELOCITY COMPONENTS 
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Figure 32  I N F L U E N C E  OF  W A L L  P O R O S I T Y  ON T U N N E L  P E R F O R M A N C E ,  x /c  -- 0,  R c = 1.43 
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Figure 33 FLUCTUATING SHOCK POSITIONS AT 
Moo = 0.85,a= 1 °, 4% BLOCKAGE. 
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